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$EVWUDFW
0LFURVWHUROLWKRJUDS\LVRQHRIDZHOONQRZQSURFHVVLQWKUHHGLPHQVLRQDOUDSLGSURWRW\SLQJILHOGV7KHPLFURVWHUHROLWKRJUDSK\KDG
PDQ\ DGYDQWDJHV  FRPSDUHG ZLWK RWKHU WKUHH GLPHQVLRQDO IDEULFDWLRQ PHWKRGV EXW XQWLO QRZ DQ REMHFWV IDEULFDWHG E\
PLFURVWHUHROLWKRJUDSK\FRXOGQRWEHDSSOLHGWRELRPHGLFDORUELRORJLFDOILHOGVEHFDXVHWKHPDWHULDORIWKHPLFURVWHUHROLWKRJUDSK\
WKDWZDVSKRWRFXUDEOHSRO\PHUKDGQRELRFRPSDWLELOLW\GHVSLWHZLGHQHHGVIRUWKRVHILHOGV
,QWKLVUHSRUWVWHUHRJUDSKLFREMHFWVZLWKERWKF\WRFRPSDWLELOLW\DQGWUDQVSDUHQF\ZDVUHDOL]HGE\KLJKWHPSHUDWXUHKHDWSURFHVVLQ
QLWURJHQDWPRVSKHUH3UHFLVHKLJKWHPSHUDWXUHKHDWSURFHVVSDUDPHWHUZDVFKHFNHGE\077DVVD\ZKLFKFRXOGTXDQWLI\FHOO
DFWLYLW\,QYHVWLJDWLQJDTXHRXVVROXWLRQRIJHQHUDWHGJDVIURPSKRWRFXUDEOHSRO\PHUDQGHOXWHGPDWHULDOIURPSKRWRFXUDEOH
SRO\PHUUHYHDOHGERWKDEVRUEDQFHVSHFWUDKDGVDPHSHDNVDURXQGQP7KLVUHVXOWVLQGLFDWHGUHGXFLQJF\WRWR[LFZDVGXHWR
VXEOLPDWLRQDQGGLIIXVLRQIURPFXUHGSKRWRFXUDEOHSRO\PHU
7KLVQHZKHDWSURFHVVIRUPLFURVWHUHROLWKRJUDSKLFREMHFWVVKRXOGEHEDVLFIDEULFDWLRQWHFKQLTXHVIRUIXWXUHGHYHORSPHQWRI
ELRPHGLFDOPLFURPDFKLQHVWLVVXHHQJLQHHULQJGHYLFHVDQGSRUWDEOHKHDOWKFDUHGHYLFHV

7KH$XWKRUV3XEOLVKHGE\(OVHYLHU%96HOHFWLRQDQGRUSHHUUHYLHZXQGHUUHVSRQVLELOLW\RI3URIHVVRU0DPRUX0LWVXLVKL
DQG3URIHVVRU3DXOR%DUWROR
.H\ZRUGVPLFURIDEULFDWLRQELRFRPDSWLELOLW\KHDWWUHDWPHQWSKRWRFXUDEOHSRO\PHUVWHUHROLWKRJUDSK\
%DFNJURXQG
,Q UHFHQWO\ WKUHH GLPHQVLRQDO PLFURIDEULFDWLRQ
WHFKQLTXHV ZHUH GUDZ DWWHQWLRQ IRU QRW RQO\ LQGXVWULDO
ILHOGVEXWDOVRFRQVXPHUPDUNHWV7KHUDSLGSURWRW\SLQJ
SURFHVVHV ZHUH ZHOO NQRZQ WR D SURWRW\SH PRGHO
PRFNXSPRGHODQGVRRQ
0LFURVWHUHROLWKRJUDSK\ ZDV RQH RI WKH PRVW ZHOO
NQRZQSURFHVVDQGWKHUHZDVZLGHQHHGVLQELRORJLFDORU
ELRPHGLFDO ILHOGV %XW FRPPHUFLDO SKRWR FXUDEOH
SRO\PHU IRU PLFRVWHUHROLWKRJUDSK\ GLG QRW KDYH
ELRFRPSDWLELOLW\VRDQ\VWHUHROLWKRJUDSKLFREMHFWVFRXOG
QRW EH DSSOLHG IRU ELRPHGLFDO RU ELRORJLFDO XVH ,Q WKLV
UHSRUW WKH KLJK WHPSHUDWXUH KHDW WUHDWPHQW DIWHU
VROLGLILFDWLRQ RI SKRWR FXUDEOH SRO\PHU WKDW PHDQW WKH
REMHFW KDG EHHQ IDEULFDWHG E\ PLFURVWHUHROLWKRJUDSK\
FRXOGUHPRYHF\WRWR[LFLW\LQVSHFLILFFRQGLWLRQ

 +LJKWHPSHUDWXUHKHDWLQJSURFHVVIRU
GHWR[LILFDWLRQ

3KRWR FXUDEOH SRO\PHU IRU FRQYHQWLRQDO
PLFURVWHUHROLWKRJUDSK\ KDV XVXDOO\ F\WRWR[LF GHULYHG
IURP WKHLU KLJK UHDFWLYLW\ 7KH SKRWR FXUDEOH SRO\PHU
ZDV QRW DSSOLHG IRU ELRORJLFDO RU ELRPHGLFDO GHYLFHV
DWWDFKLQJOLYLQJRUJDQVRUOLYLQJFHOOVIRUWKLVUHDVRQ7R
RYHUFRPH WKLVSUREOHPRXUJURXSZDVDOUHDG\UHSRUWHG
DPHWKRGWKDWSKRWRFXUDEOHSRO\PHUVZDVGHWR[LILFDWLRQ
E\ KLJK WHPSHUDWXUH KHDW SURFHVV RYHU WKHLU JODVV
WUDQVLWLRQVSRLQW 7J ,Q WKLV UHSRUW WKHPHWKRGPDNHV
ZKDW PHFKDQLVP WR UHPRYH F\WRWR[LF IURP SKRWR
FXUDEOHSRO\PHU
7RLQYHVWLJDWHF\WRWR[LFLW\RISKRWRFXUDEOHSRO\PHU
WKH FHOOV FXOWXUH ZHOOV ZHUH PDGH E\ PLFUR
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VWHUHROLWKRJUDSK\ 7KHVH ZHOOV VL]H ZDV PP RXWHU
GLDPHWHU PP LQWHUQDO GLDPHWHU PP ERWWRP
WKLFNQHVVDQGPPKHLJKWRILWVDURXQGZDOO
$IWHU LUUDGLDWLRQ E\ XOWUD YLROHW ODVHU VFDQQLQJ IRU
VROLGLILFDWLRQ WKHVHZHOOVZHUHKHDWHG DW  
DQGGHJUHHLQDWPRVSKHUHRUGHJUHHLQQLWURJHQ
DWPRVSKHUH LQ JDV UHFRYHU\ XQLW )LJXUH  7KH JDV
UHFRYHU\ XQLW ZDV PDGH IRU UHFRYHULQJ JHQHUDWLQJ JDV
IURPWKHSKRWRFXUDEOHSRO\PHUGXULQJWKHKHDWSURFHVV
:HXVH3&FHOOOLQHWKDWZDVFHOOOLQHGHULYHGIURPD
SKHRFKURPRF\WRPDRIWKHUDWDGUHQDOPHGXOODIRUFHOO
FXOWXUHWHVWIRUWKHF\WRWR[LFRIWKHSKRWRFXUDEOH
SRO\PHU7KH3&FHOOOLQHZDVXVXDOO\XVHIRU
QHXURWR[LFLW\WHVWVEHFDXVHRILWVKLJKVHQVLWLYLW\IRU
WR[LFPDWHULDOV3&FHOOVZHUHVHHGHGDWu
FHOOFPFRQFHQWUDWLRQDQGX/ZHOOLQWRWKHZHOOV
WUHDWHGLQWKHKHDWSURFHVV&HOODFWLYLW\ZDVWHVWHGE\
077FHOODFWLYLW\WHVW6WDWLFDQDO\VLVZDVDGDSWHGWRW
WHVWIRUWKHVHUHVXOWV
7KHUHVXOWVZHUHVKRZQLQ)LJXUH7KHILJXUHVKRZV
WKDW WKH KHDW WUHDWPHQW RYHU  GHJUHH FRXOG UHPRYH
F\WRWR[LFEHFDXVHFHOODFWLYLW\ZDVDOPRVWVDPHEHWZHHQ
WKH FRQGLWLRQV DQG SRVLWLYH FRQWURO ,Q QLWURJHQ
DWPRVSKHUH WKH KHDW WUHDWPHQW RYHU  GHJUHHV DQG
RYHU KRXUV FRXOG PDNH F\WRFRPSDWLELOLW\ WR SKRWR
FXUDEOHSRO\PHUFRPSDUHGZLWKFRPPHUFLDOFHOOFXOWXUH
GLVKHV 7KHVH UHVXOWV PHDQW WKLV KLJK WHPSHUDWXUH KHDW
WUHDWPHQW KDG VRPH SRVVLELOLW\ IRU SUHWUHDWPHQW IRU
ELRPHGLFDOGHYLFHVPDGHRISKRWRFXUDEOHSRO\PHU

 7KHGHWR[LILFDWLRQSDWKZD\DQGPDLQWDLQLQJ
WUDQVSDUHQF\

'HSHQGLQJRQDERYHUHVXOWVF\WRWR[LFPDWHULDOFRXOG
QRW DIIHFW WR FXOWXUH FHOOV DIWHU KLJK WHPSHUDWXUH KHDW
WUHDWPHQW7KLVUHVXOWVLQGLFDWHGWZRSRVVLELOLWLHVRQHRI
ZKLFKZDVWKHF\WRWR[LFPDWHULDOVVXEOLPDWHGGXULQJWKH
KHDWSURFHVV7KHRWKHUZDVWKDW WKHF\WRWR[LFPDWHULDOV
FRXOG QRW HOXWHG WR FHOO FXOWXUH PHGLXP WKURXJK PHVK
OLQNV SRO\PHUL]HG SKRWR FXUDEOH PRQRPHUV $ JDV
UHFRYHU\XQLWZDVSODQQHGWRLQYHVWLJDWHWKHSDWKZD\
)LJXUH$JDVUHFRYHU\XQLWVFKHPDWLFLPDJH
*HQHUDWHGJDVIURPSKRWRFXUDEOHSRO\PHUZDVFDUULHGE\
QLWURJHQJDVDQGWUDSSHGLQXOWUDSXUHZDWHUGXULQJKHDW
WUHDWPHQW)ORZUDWHRIFDUU\JDVZDVFRQWUROOHGE\IORZ
PHWHU$QGWHPSHUDWXUHZDVFRQWUROOHGE\3,'FRQWUROOHU

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

)LJXUHD&HOODFWLYLW\DIWHUKRXUFXOWXUHRQWKH
SKRWRFXUDEOHSRO\PHUDIWHUKHDWWUHDWPHQWDWa
GHJUHHIRUKRXULQDWPRVSKHUH&HOODFWLYLWLHVZHUH
PHDVXUHGE\077DVVD\7KHUHZDVQRWVLJQLILFDQW
GLIIHUHQFHEHWZHHQFHOODFWLYLWLHVRQWKHZHOOKHDWHGDW
GHJUHHDQGSRVLWLYHFRQWURO
E&HOODFWLYLW\RIDIWHUKRXUFXOWXUHRQWKHSKRWR
FXUDEOHSRO\PHUDIWHUKHDWWUHDWPHQWDWGHJUHHIRUa
KRXULQQLWURJHQDWPRVSKHUH7KHUHZDVQRWVLJQLILFDQFH
GLIIHUHQFHEHWZHHQWKHDFWLYLW\RQWKHZHOOKHDWHGKRXU
DQGSRVLWLYHFRQWURO
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
,QKLJKWHPSHUDWXUHKHDWWUHDWPHQWSURFHVVVRPHJDV
ZDVJHQHUDWHGIURPWKHSKRWRFXUDEOHSRO\PHUUHFRYHUHG
LQXOWUDSXUHZDWHUE\XVLQJQLWURJHQDVFDUULHUJDV$Q
DEVRUEDQFHVSHFWUXPRIWKHJHQHUDWHGJDVZDVPHDVXUHG
E\ XOWUDYLROHWYLVLEOH VSHFWURVFRS\ )LJXUH  7KH
VSHFWUD KDG VDPH SHDN RI VSHFWUXPRI HOXWHG VXEVWDQFH
IURP QRQKHDW WUHDWPHQW SKRWR FXUDEOH SRO\PHU 7KH
SHDN LQ WKHVH VSHFWUD KDG DURXQG QP DQG YDOXHV RI
WKH SHDNVZHUH GHFUHDVLQJZLWK KHDW WUHDWPHQW WLPH ,Q
RSSRVLWH WKHHOXWHG VXEVWDQFHZDVDOVRGHFUHDVLQJZLWK
KHDW WUHDWPHQW WLPH 7KH HOXWHG VXEVWDQFH ZDV
FRQVLGHUHGDV WKHJHQHUDWHGJDVEHFDXVHERWKKDG VDPH
SHDNVDQGUHVHPEOHDEVRUEDQFHVSHFWUD
7KH HOXWHG PDWHULDO DQG WKH JHQHUDWHG JDV ZHUH
VRXUFH RI F\WRWR[LF ZKHQ WKH JHQHUDWHG JDV KDG DQ\
WR[LF IRU OLYLQJ FHOOV 7R LQYHVWLJDWH WKLV SRLQW ZH
FKHFNHGFHOODFWLYLWLHVLQFXOWXUHPHGLXPLQFOXGLQJ
DQGRIJHQHUDWHGJDVDTXHRXVVROXWLRQ)LJXUH
VKRZV WKDW DIWHU  KRXU VHHGLQJ WKH FHOO DFWLYLW\
FXOWXUHG LQ WKHPHGLXPXQGHU  WKH JDV VROXWLRQZDV
VDPH DV FHOO DFWLYLWLHV LQ RULJLQDO SXUH PHGLXP DV
SRVLWLYHFRQWURO7KLVUHVXOWVKRZHGWKHHOXWHGVXEVWDQFH
DQGJHQHUDWHGJDVIURPWKHSKRWRFXUDEOHSRO\PHUZHUH
VDPHPDWHULDODQGWKH\KDGVRPHF\WRWR[LF
7KH SKRWR FXUDEOH SRO\PHU ZRXOG EH EURZQLQJ LQ
DWPRVSKHUHZDVREVHUYHG7KHPRUHEURZQLQJZDVPRUH
KHDWLQJ WLPH DQG PRUH KHDWLQJ WHPSHUDWXUH 7R UHGXFH
EURZQLQJ WKH SKRWR FXUDEOH SRO\PHU ZDV KHDWHG LQ
QLWURJHQ DWPRVSKHUH 7KH WUDQVPLWWDQFH VSHFWUD ZHUH
VKRZQLQILJXUH7KHSKRWRFXUDEOHSRO\PHUEHIRUHWKH
KHDWWUHDWPHQWKDGKLJKOHYHOWUDQVSDUHQF\D$OWKRXJK
DIWHUWKHKHDWWUHDWPHQWLQDWPRVSKHUHWKHSKRWRFXUDEOH
SRO\PHU ZDV EURZQLQJ E WKH EURZQLQJ GXULQJ KHDW
WUHDWPHQWZDVUHGXFHGLQQLWURJHQDWPRVSKHUHF
)URP DERYH UHVXOWV WKH SDWKZD\ RI UHPRYLQJ
F\WRWR[LF IURP SKRWR FXUDEOH SRO\PHU ZDV VXEOLPDWLRQ
DQGGLIIXVLRQIURPLQVLGHRIVROLGSKRWRFXUDEOHSRO\PHU
WR DWPRVSKHUH ZDV FRQILUPHG  7KLV FRQFOXVLRQ PHDQW
WKDW WKH SKRWR FXUDEOH SRO\PHU ZDV WUHDWHG LQ KHDW
SURFHVVXQWLOGLVDSSHDULQJVXEOLPDWLRQJDVIURPLWZKHQ
DQREMHFWIDEULFDWHGE\PLFURVWHUHROLWKRJDUSK\ZLWKFHOO
OHYHO F\WRFRPSDWLELOLW\ ZDV UHTXLUHG ,Q DGGLWLRQ WKH
KLJK WHPSHUDWXUH KHDW WUHDWPHQW LQ WKH QLWURJHQ
DWPRVSKHUH FRXOG PDNH DQ REMHFW ZLWK ERWK
F\WRFRPSDWLELOW\DQGWUDQVSDUHQF\

 &RQFOXVLRQ

7KHKLJKWHPSHUDWXUHKHDW WUHDWPHQWZDVHIIHFWLYHWR
UHGXFH F\WRWR[LFLW\ RI SKRWR FXUDEOH SRO\PHU DQG WKH
SDWKZD\RIGHWR[LILFDWLRQZHUHEDVHGRQWKHVXEOLPDWLRQ
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
E
)LJXUHD$EVRUEDQFHVSHFWUDRIZDWHULQWKHJDV
UHFRYHU\XQLWE$EVRUEDQFHVSHFWUDRIDTXHRXVVROXWLRQRI
HOXWHGVXEVWDQFHIURPEHIRUHDQGDIWHUKHDWWUHDWPHQWRI
SKRWRFXUDEOHSRO\PHU
3HDNVRIERWKDDQGEVSHFWUDKDGDURXQGQP7KLVPHDQW
UHGXFLQJF\WRWR[LFLW\LQWKLVKHDWWUHDWPHQWGXHWR
VXEOLPDWLRQDQGGLIIXVLRQIURPFXUHGSKRWRFXUDEOHSRO\PHU
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
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






)LJXUH&HOODFWLYLW\LQVLGHPHGLXPLQFOXGLQJJHQHUDWHG
JDVIURPSKRWRFXUDEOHSRO\PHUGXULQJKLJKWHPSHUDWXUH
KHDWSURFHVV7KHPDWHULDOZKLFKZDVVXEOLPDWHGIURP
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DQGGLIIXVLRQRIF\WRWR[LFPDWHULDOFRQWDLQHGZLWKLQWKH
RULJLQDO SKRWR FXUDEOH SRO\PHU HYHQ DIWHU LWV
VROLGLILFDWLRQ
,Q QLWURJHQ DWPRVSKHUH FRQGLWLRQ GXULQJ KLJK
WHPSHUDWXUH KHDW SURFHVV WKH WUDQVSDUHQF\ RI SKRWR
FXUDEOH SRO\PHU ZDV KLJKHU WKDQ WKDW KHDW WUHDWHG LQ
DWPRVSKHUH
7KLV WHFKQRORJ\ ZDV DSSOLHG WR D GHVLJQ RI WDLORU
PDGH LPSODQW GHYLFHV FHOO FXOWXUH GHYLFHV VHW LQ 
GLPHQVLRQDO DOLJQPHQWV DQG PLFUR FKHPLFDO GHYLFH
ELRFKHPLFDO,&FKLSVDQGVRRQZKLFKZHUHXQUHDOL]DEOH
ZLWKRXWRXUQRYHOSRVWEDNHSURFHVV7KLVSURFHVVZRXOG
EHFRPH NH\ WHFKQRORJ\ WR VXEVWDQWLDOL]H QHZ DSSURDFK
WRPLFURVWHUHROLWKRJUDSK\WRELRPHGLFDOILHOGV
$FNQRZOHGJHPHQWV
7KLVZRUNZDVVXSSRUWHGE\-636*UDQWLQ$LGIRU
6FLHQWLILF5HVHDUFK6IRUZKLFK.,ZDVWKH
SULQFLSDOLQYHVWLJDWRU
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+RZGOH 60 /DVHU VWHUHROLWKRJUDSK\ DQG VXSHUFULWLFDO IOXLG
SURFHVVLQJ IRU FXVWRPGHVLJQHG LPSODQW IDEULFDWLRQ-0DWHU 6FL
0DWHU0HG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IDEULFDWLRQ ZLWK 33)'() XVLQJ PDFURVWHUHROLWKRJUDSK\
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SURS\OHQH IXPDUDWH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G
)LJXUH3KRWRFXUDEOHSRO\PHUWUDQVSDUHQF\GHSHQGLQJ
RQKHDWWUHDWPHQWFRQGLWLRQV
D 3KRWRFXUDEOHSRO\PHUZLWKQRQSRVWWUHDWPHQW,WKDG
WKHPRVWWUDQVSDUHQF\DPRQJDOOFRQGLWLRQV
E 3KRWRFXUDEOHSRO\PHUDIWHUKHDWWUHDWPHQWDW
GHJUHHIRUKRXULQDWPRVSKHUH7KHSRO\PHUZDV
EURZQLQJZLWKORQJHUKHDWLQJWLPHDQGKLJKHU
WHPSHUDWXUH
F 3KRWRFXUDEOHSRO\PHUDIWHUKHDWWUHDWPHQWDW
GHJUHHIRUKRXULQQLWURJHQDWPRVSKHUH
G 7UDQVPLWWDQFHRIHDFKSKRWRFXUDEOHSRO\PHUEHIRUH
DQGDIWHUKHDWWUHDWPHQW
+HDWWUHDWPHQWLQQLWURJHQLQFUHDVHWUDQVPLWWDQFHRISKRWR
FXUDEOHSRO\PHUDPRQJYLVLEOHZDYHOHQJWKUDQJH
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